The N6-methyladenine (MeAde) and 5-methylcytosine (MeG) contents in deoxyribonucleic acid (DNA) of bacteriophage lambda has been analyzed as a function of host specificity. The following facts have emerged: (i) lambda grown on strains harboring the PI prophage contain ca. 70 more MeAde residues/DNA molecule than lambda grown either in the Pl-sensitive parent, or in a P1 immune-defective lysogen which does not confer PI modification; (ii) lambda grown on strains harboring the N-3 drug-resistance factor contain ca. 60 more MeC residues/DNA molecule than lambda grown on the parental strain lacking the factor; (iii) lambda grown in Escherichia coli B strains is devoid of MeC, whereas lambda grown in a B (N-3) host contains a high level of MeC; (iv) the MeAde content in lambda DNA is not affected by the N-3 factor. These results suggest that Pl controls an adenine-specific DNA methylase, and that the N-3 plasmid controls a cytosine-specific DNA methylase. The N-3 factor has been observed previously to direct cytosine-specific methylation of phage P22 DNA and E. coli B DNA in vivo; in vitro studies presented here demonstrate this activity.
Escherichia coli B strains is devoid of MeC, whereas lambda grown in a B (N-3) host contains a high level of MeC; (iv) the MeAde content in lambda DNA is not affected by the N-3 factor. These results suggest that Pl controls an adenine-specific DNA methylase, and that the N-3 plasmid controls a cytosine-specific DNA methylase. The N-3 factor has been observed previously to direct cytosine-specific methylation of phage P22 DNA and E. coli B DNA in vivo; in vitro studies presented here demonstrate this activity.
Previous results from our laboratory (18, 19) showed that the N-3 drug-resistance factor increased the level of methylcytosine (MeG) in the deoxyribonucleic acid (DNA) of phage P22 and hosts Salmonella typhimurium and Escherichia coli strain B; E. coli B is normally devoid of MeC (11, 12, 13, 15, 19, 25) . In contrast, presence of the plasmid appeared not to exert any influence on the level of methyladenine (MeAde) in DNA. These observations suggested that specific methylation of cytosine residues may be responsible for the host-controlled modification determined by the N-3 plasmid. Since bacteriophage lambda is also susceptible to this restriction-modification system (hs II; 7, 8) it was reasonable to expect that we should observe similar effects of the plasmid on the content of methylated bases in lambda DNA.
The present communication presents in vivo and in vitro data to support this prediction. In addition, we describe a specific increase in the MeAde content of lambda DNA controlled by P1 prophage; this plasmid is also responsible for restriction-modification of DNA (1, 22) .
MATERIALS AND METHODS
Phage and bacterial strains. Phages Xc1857 in& and XcI857 ind-sus S7 were generously provided by B.
Dottin; Xc and Xvir were from S. E. Luria. The bacterial strains used in this study are summarized in Table 1 .
Media and chemicals. Growth media were as described earlier (17) (18) (19) . [2-3H] 
and L-[methyl-3H]-methionine (Amersham/Searle), N6-methyladenine and S-adenosyl-L-methionineiodide (repurified in our lab) (Calbiochem), 5-methylcytosine (Mann), calf thymus DNA (Worthington) were obtained from the firms indicated in parentheses. SSC consisted of 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0. Sonication buffer was 0.02 M potassium phosphate, pH 7.2, plus 0.005 M Na2 ethylenediaminetetraacetic acid (EDTA) plus 0.05 M NaCl. Dialysis buffer was sonically treated buffer plus 0.001 M 2 mercaptoethanol plus 5% glycerol (v/v).
Preparation of labeled XcI857 ind DNA. Bacterial strains lysogenic for XcI857 ind-were grown to ca.
3 X 108/ml at 32 C in minimal medium. The cultures were transferred to 42 C and incubated for 15 min with aeration, after which time they were placed at 37 C (t = 0). After 10 min of incubation, 5.0-ml samples were placed in flasks (at 37 C) containing the following: (i) 0.2 ml of a mixture of adenine, thymidine, and uridine (1 mg of each /ml) plus 0.01 ml of methionine (1 mg/ml) plus 0.10 ml of [methyl-3H]methionine (1 mCi/ml), or (ii) 0.05 ml of adenine (0.1 mg/ml) plus 0.05 ml of [2-3H] (17) . Preparation of crude extracts. Cultures of rE-mBand rB-mB-(N-3) were grown to 3 X 108 to 5 X 108/ml at 37 C in broth. The cells were harvested at low speed and resuspended in sonication buffer. After sonic treatment and clarification at low speed, the extract was centrifuged for 30 min at 50,000 rev,/min in an International A-321 rotor. The supernatant fluid was collected and dialyzed overnight at 4 C against dialysis buffer. EDTA, pH 7.6 (20 umoles); 2-mercaptoethanol (25 jumoles); NaOH to adjust the pH to neutrality. The crude extract (ca. 1 mg of protein) and various DNA species (ca. 100 to 150 ,g) were added to the stock mixture (total volume = 2.5 ml) and incubated at 37 C for 2 hr (this was sufficient to saturate the different substrates, as shown by parallel kinetic analysis of 3H-CH3 label incorporation into acid-insoluble material). Sarkosyl was added to 0.3% (w/v) and the DNA species were extracted by phenol. Hydrolysis and chromatographic analysis of MeC/MeAde were performed as above.
RESULTS
Effect of N-3 and P1 plasmids on methylation of phage lambda DNA. Bacteriophage lambda is subject to the restriction and modification enzymes controlled by the N-3 and P1 plasmids (1, 4, 5, 7, 8, 22, 30, 32) . The N-3 factor has been shown to determine a cytosine-specific DNA methylation of P22 DNA (19) ; in contrast, no effect of P1 on lambda DNA methylation has been observed (15) . We investigated the possible influence of the N-3 and P1 plasmids on the in vivo methylation of bases in lambda DNA.
Various bacterial strains lysogenic for prophage Xcl857ind were heat-induced (by thermal inactivation of the repressor); during DNA replication, the ceUls were labeled with either Table 2 . The important findings are summarized as follows: (i) lambda DNA contains no MeC after growth in rB-mB cells; in contrast, growth of lambda in cells containing the N-3 plasmid leads to extensive methylation of cytosine, without affecting the level of MeAde; (ii) in agreement with others (15, 23) , lambda DNA contains MeC after growth in E. coli K12 strains; however, presence of the N-3 factor still leads to a twofold increase in the MeC/MeAde ratio, whereas the MeAde content remains unaltered. These results suggest that the N-3 plasmid controls an enzyme which recognizes additional sequence(s) on lambda DNA not methylated by the K12 cytosine-specific enzyme; (iii) presence of the P1 prophage leads to a 40 to 50% increase in the level of MeAde, (ca. 70 more MeAde per DNA molecule) as well as a parallel decrease in VOL. 10, 1972 (13) . We have confirmed these data and extended them to studies on strain B (N-3) . Since the latter strain has been shown to methylate lambda DNA-cytosine in vivo (Table 2) , we attempted to demonstrate such an activity in vitro using crude extracts prepared from uninfected cells. The results of several such experiments are summarized in Table 3 . First, it can be seen that the methylation of adenine residues is similar in both B and B(N-3) extracts for each DNA tested. However, there are differences in acceptor activity among the various DNA species; e.g., E. coli B DNA was a relatively poor acceptor compared to calf thymus and lambda DNA species.
In contrast, it is clear that the ability to methylate cytosine residues is exhibited only by the B(N-3) extract, and all of the DNA species tested in these experiments were substrates for in vitro cytosine methylation. In this respect, more than 95%cl of the in vitro methylation of E. coli B DNA was on cytosine residues; thus, this DNA would be a particularly useful substrate to monitor the N-3 methylase during its purification. Finally, when XcI B(N-3) DNA was used as a substrate in the B(N-3) extract, relatively few methyl groups were transferred to cytosine; this is to be expected, since most of the N-3 specific sequences were already methylated during in vivo replication of the lambda DNA.
We should comment here on the behavior of the N-3 restriction and methylation enzymes in crude extracts. The experiments summarized in Table 3 were all carried out in the absence of added Mg2+ ion and in the presence of EDTA. When EDTA was omitted and Mg2+ added, we observed little or no 3H-CH3 incorporation into acid-insoluble material. This is presumed to result from the degradation of the acceptor DNA by the restriction nuclease(s). Thus, it would seem that the restriction nuclease, but not DNA methylase, requires Mg2+. Similar ion requirements have been observed for the P1, K12, and B-specific modification and restriction enzymes (21, 24, 26, 28) .
Protection against N-3 restriction conferred by host cytosine-specific DNA methylase. In Salmonella, N-3 restriction directed against phage P22 is a strong one; i.e., ca. 1 in 103 unmodified P22 is capable of producing a plaque on an (N-3)-containing host. Although P22 is a substrate in vivo for both N-3 and host cytosine methylases, there is no indication that either methylation gives any protection against the heterologous restriction-nuclease (19) . In E. coli, N-3 restriction against phage lambda appears to be a relatively weak one (5, 7, 8) . However, the degree of lambda restriction may actually be a function of the presence or absence of MeC on the infecting lambda phage DNA. For example, Xc rB-mB-and Xc rB+MB+ (both lack MeC) are seen to be strongly restricted in (N-3)-containing hosts (Table 4 (Table 4) . DISCUSSION The N-3 plasmid controls the restriction and modification (host-specificity II) of P22 DNA in S. typhimurium, and of X, TI, and P1 DNA were used as indicator bacteria. The efficiency of plating on E. coli rK-m,K+ is VOL. 10, 1972 HATTMAN species in E. coli. We reported earlier (18, 19) that the presence of the N-3 specifically increases the MeC content in the DNA species of phage P22 and host cells S. typhimurium and E. coli B. We concluded that the N-3 factor controls a cytosinespecific DNA methylase, although there still is no direct evidence that this activity is responsible for the host-specificity modification. These results strongly support the notion that the N-3 (hs II) and P1-directed modifications are mediated by DNA-methylating enzymes which transfer methyl groups (from S-adenosyl methionine) to specific cytosine and adenine residues, respectively. While this manuscript was in preparation, direct evidence for a P1-controlled adenine-specific DNA methylase has been reported (10) . Our findings appear to be at variance with those of Gough and Lederberg (15) , who did not observe any difference in the MeAde content of lambda grown in E. coli strains B and B(P1); we do not yet understand this discrepancy. On the other hand, we observe levels of MeC and MeAde in lambda grown on C600 rK+mK+ that are similar to theirs (15) and others (C. Hidalgo and H. A. Nash, manuscript in preparation).
Accepting that the host-specific modification is mediated by specific DNA methylation, it is relevant to ask whether all the MeC and MeAde residues produced by the plasmid methylases are essential for protection against the restriction enzymes. In other words, are all the additional methyl groups added by the P1 and N-3 methylases located at restriction-modification sites? P1, for example, appears to increase the MeAde content of lambda by about 70 residues/DNA. If the host-specificity site possesses twofold rotational symmetry (4, 9, 20) , then there are at least ca. 35 sites per lambda DNA. However, the number of P1-sites appears to be considerably lower (26) , suggesting that the majority of methylated bases added by P1 are not essential for protection against the restriction enzyme. This raises the question of whether the PI-adenine methylase recognizes more than one nucleotide sequence (or there is more than one methylase). In this respect, the single-stranded DNA phages fd and M13 are not subject to restriction by the N-3 plasmid, but they are subject to plasmid-specific methylation in vivo (Hattman, manuscript in preparation). Thus, this could mean that the modification enzyme is, in fact, capable of gratuitously methylating certain nucleotide sequences not recognized by the restriction enzyme. Although we cannot rule out the possibility that a (potential) single hs II restriction site is always modified before restriction, this possibility does not seem likely, inasmuch as fd variants containing only a single-site sensitive to hs B restriction have been isolated (3, 29) .
Thus, we consider the most likely explanation of the above observations to be that modification is mediated by a DNA methylase which recognizes more than one kind of nucleotide sequence. This situation, in fact, is not unusual; e.g., the DNA methylase specified by phage T2 wild-type, or its uPI-mutants, appears to recognize more than a single sequence of bases (17, 27, 31; R. Hehlmann and S. Hattman, J. Mol. Biol., in press). Although Arber and his co-workers have presented data that restriction and modification enzymes act at the same site (6, 21,) 29, nonetheless, it cannot be precluded that the modification methylase could still recognize additional sequences as well.
It now seems fairly clear that the restrictionmodification enzymes act at specific sites; the sequence of bases within these sites may or may not possess twofold rotational symmetry perpendicular to the DNA helix axis (4, 9, 20) . However the case may be, it is evident that the specific sequence can be present only in limited number on each DNA molecule. Furthermore, for the molecule not to be degraded, the modification enzyme must recognize, at least, all the sites recognized by the restriction nuclease. (It remains to be seen whether the sequences are congruent or are two distinct neighboring regions.) If, within the modification sequence, base changes could be tolerated without affecting its methyl acceptor activity (i.e., the methylation sequence would be degenerate) while abolishing nuclease activity, then such a situation allows for gratuitous methylation of all similar sites located elsewhere on the DNA. In other words, due to a relatively less-stringent recognition pattern, the modification methylase might act at sites not recognized by the restriction nuclease (but not vice versa). This question remains open for future investigation.
